Calcineurin (PP2B), a serine threonine kinase controlled by cellular calcium, was originally identified by Klee and colleagues in extracts of mammalian brain. Within the past few years this phosphatase has been implicated in a wide variety of biological responses including lymphocyte activation, neuronal and muscle development, axonal pathfinding and morphogenesis of vertebrate heart valves. Progress in this area has been greatly accelerated by the drugs cyclosporin A and FK506, which use a unique mechanism of action to achieve near genome-specific nanamolar inhibition of calcineurin. This minireview will focus on the role of calcineurin in regulating transcription during development, primarily through its dephosphorylation of downstream targets, such as the cytoplasmic subunits of the NF-AT transcription complex.
Ca 2+ /calcineurin signaling to obscure the two nuclear localization sequences required for nuclear import, perhaps by forming salt bridges between the basic NLS and the acidic phosphoserines of NF-ATc family members (13, 20) .
Once dephosphorylated by calcineurin, NF-ATc family members move into the nucleus where they are maintained by persistent elevation of intracellular Ca 2+ and the continuous activity of calcineurin (11) . Persistent activation of calcineurin is required because NFATc proteins are rapidly exported from the nucleus. Export of NF-ATc1 and c4 was found to be due to the phosphorylation of the same residues that are dephosphorylated by calcineurin to bring about nuclear import. Biochemical purification of the nuclear kinase that phosphorylated these residues identified GSK3 as a potential export kinase (19) . The persistent activation of calcineurin necessary to maintain NFATc family members in the nucleus requires the CRAC channel which is known to provide a sustained high level of Ca 2+ (21) . Indeed overexpression of constitutively active calcineurin or a NF-ATc1 mutant that is constitutively nuclear suppresses mutations in the CRAC channel allowing the activation of immune response genes such as IL-2 with only a PKC signal (11) .
NFAT complexes as coincidence detectors and integrators of Ras and Ca 2+ signaling.
Early studies indicated that NF-AT integrated Ca 2+ signals with signals transduced by MAP kinase and/or protein kinase C (1, 22, 23) . Thus, the NF-AT1 transcription complex acts as a coincidence detector in that it requires that both Ras/PKC and Ca 2+ /Calcineurin signaling be coincident to achieve activation (Fig 2) . In fact, DNA binding by NF-ATc proteins is quite weak due to the unusual structural features of its rellike DNA binding domain (24) , and, as a consequence the protein requires a partner for tight association with DNA. Thus, Ca 2+ signaling becomes dependent on coincident Ras/PKC signaling and vice versa. In nearly all cell types studied, activation of Rac, Ras or PKC must accompany a Ca 2+ signal for activation of NF-AT-dependent transcription (Fig 2) . Ca 2+ /calcineurin signaling In addition to the effects of GSK3 on NF-ATc1, the movement of NF-ATc3 into the nucleus appears to be opposed by the actions of either JNK kinase (25) or perhaps the combination of MEKK1 and CK1 (20) . Although the evidence is conflicting, these two kinases have both been reported to provide opposition to the cytoplasmic dephosphorylation by calcineurin in cell lines. However, since the transcriptional activity of NF-AT complexes is enhanced, rather than blocked by agents that activate MEKK1
and JNK (1, 23, (26) (27) (28) the physiological roles of these kinases remain to be understood.
Signaling through Ca 2+ , Calcineurin and NF-ATc family members in neurons.
Calcineurin has been shown to have important roles in axonal guidance (29) as well as memory and learning (30, 31) . In general, these functions in neurons have been thought to be independent of transcription. However, recent evidence indicates that the NF-ATc family members may have critical roles in the development of synaptic connections. NFATc4 is expressed in hippocampal neurons and undergoes translocation to the nucleus with brief depolarization or even with physiological 5 hertz stimulation (32) . The latter is significant in that it implies that normal synaptic activity is sufficient to send NF-ATc4 into the nucleus, i.e., when you think about it NF-ATc4 enters the nucleus. A potential downstream gene appears to be IP3R1, which encodes a Ca 2+ channel and is activated shortly after birth in response to the neural activity of the newborn animal (33) . The promoter region of this gene has a cluster of NF-ATc sites and appears to be dependent on the activity of the NFATc4 protein, which is expressed in neurons (32) . In addition, the activation of this gene after birth or in cultured hippocampal neurons is blocked by FK506 or cyclosporin A (33) . These studies suggest that signaling by Ca 2+ , calcineurin and NF-ATc4 regulate a positive feedback pathway that could reinforce synaptic connections ( Fig. 1) . However, additional studies with null mutations of NF-ATc4 and possibly other redundant family members will be necessary to confirm this hypothesis.
The morphogenesis of heart valves and the calcium, calcineurin, NFAT pathway.
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http://www.jbc.org/ Downloaded from Ca 2+ /calcineurin signaling Null mutations in the NF-ATc1 gene result in a failure of heart valve development and abnormalities of the cardiac septum that recall the common cardiac abnormalities that occur in nearly 1% of all live births (34, 35) . Although calcineurin is expressed ubiquitously, at embryonic days 8.5 to 13, NF-ATc1 is expressed only in the cells that are destined to contribute to heart valves. Remarkably, the protein is nuclear in the endocardial cells that are adjacent to the cardiac jelly, suggesting that a local signal results in its nuclear localization (Fig 1) . Both cyclosporin or FK506 block this translocation and result in an arrest in valve development indicating that an as yet uncharacterized signal (presumably a cytokine or growth factor) activates calcineurin leading to nuclear localization of NFATc1 and activation of genes that orchestrate the formation of a cardiac valve ( The heart responds to stress with the hypertrophy of cardiomyocytes. This response is probably normal during development but becomes damaging in hypertension or after multiple myocardial infarctions. The signals for the stress-induced hypertrophy of cardiac muscle have long been known to be dependent on calcium and recently it was discovered that severe cardiac hypertrophy could be induced by the over-expression of a truncated constitutively active calcineurin A (36). In addition, a similar pathology could be induced in animals in which a truncated NF-ATc4 was overexpressed (36) .
Furthermore, cyclosporin A prevents the development of cardiac hypertrophy in response to certain, but apparently not all, stimuli (37, 38) . Additional studies with mice bearing mutations in calcineurin genes or the NFATc4 gene will be necessary to confirm these pharmacologic and overexpression studies, but the present results indicate that Ca 2+ /calcineurin signaling calcineurin and NF-ATc4 represent new targets for development of antihypertrophic agents.
Calcineurin and the control of transcription in yeast.
In yeast signals initiated by pheromone or other agents that increase intracellular Ca 2+ lead to the activation of transcription of FKS2, PMR2, PMC1, PMR1 and other genes (39) (40) (41) . This transcriptional response requires the Crz1/Tcn1 gene and plays an important role in controlling ion homeostasis (40) . The mechanism of control of Crz1p/Tcn1p is remarkably similar to the control of NF-ATc proteins in mammalian cells (Fig. 3) . Like NF-ATc proteins which translocate from cytoplasm to nucleus upon activation of calcineurin, crz1p/Tcn1p also translocates and furthermore is dephosphorylated at critical serines similar to NF-ATc family members (42) . Despite these mechanistic similarities, there is relatively little sequence similarity in the two proteins other than a conserved group of serines in the N-terminal translocation domain and while Crz1/Tcn1 use a zinc finger for DNA binding the NFATc family use a rel domain.
Calcineurin inhibitors.
In recent years, five different classes of calcineurin inhibitors have been discovered (Table 1) (Fig 3) .
Two additional interesting classes of calcineurin inhibitors are cabin/cain (46, 47) which are novel proteins and the CHP protein that has similarity to calcineurin B (48, 49) . Finally, the AKAP 79 protein (51) was the first calcineurin inhibitor to be found and is also a scaffolding protein. AKAP79 binds both calcineurin and PKA and may anchor calcineurin at specific sites that allow the protein to engage the proper substrates when activated. 
Calcineurin and the regulation of NF-kB and AP-1 transcriptional activity.
NFkB and other rel proteins play critical roles in the development of the liver, skin, inflammatory responses and in some aspects of the recombinational immune response. Unlike NF-AT which absolutely requires a calcium stimulus, NFkB can be fully activated by PKC activators in the absence of calcium (55) . However, suboptimal stimuli can be augmented with a calcium signal (7, 56) . This calcium facilitation of NFκB activity can be mimicked with overexpression of a constitutively active calcineurin and can be partially (about 40-70%) blocked with cyclosporin A or FK506, indicating that calcineurin is likely to be required for full induction of NFkB activity in certain circumstances (57) . The reduction in NF-kB activity by CsA or FK506 appears to result from an inhibition of the transcriptional induction of the p50 subunit and the c-rel protein (58) as well as reduced degradation of IkB (57) . However, the mechanism underlying the later effect is not known.
The AP-1 transcription complex consists of fos and jun proteins which are encoded by families of genes including cjun, junB, junD as well as c-fos, fra, and others.
Transcription controlled by most AP-1 sites is not sensitive to inhibition by CsA or FK506 (7, 59 ). However, a site in the IL-2 promoter which binds junD and perhaps c-jun 
